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ABSTRACT 
 
In the present work an efficient nanocomposite Au-Cu/rGO has been synthesised by decorating 
Au-Cu bimetallic nanoparticles on reduced graphene oxide surface via co-reduction method. The 
nanocomposite was characterized using X-ray diffraction (XRD), Field-emission Scanning 
electron microscopy (FE-SEM), Energy dispersive X-ray spectroscopy (EDS), Transmission 
electron microscopy (TEM) and UV-Visible spectroscopy. The FE-SEM and TEM images 
demonstrate the uniform distribution of the Au-Cu bimetallic nanoparticles on the GO surface 
and transmission electron microscopy (TEM) confirms an average particle size of 6-8 nm. The 
Au-Cu/rGO nanocomposite has been found to be an extremely efficient catalyst for the reduction 
of nitroaromatic compounds into nitroamine compounds. The Au-Cu/rGO nanocomposites 
exhibited synergistically more superior catalytic efficiency compared to monometallic Au 
nanoparticles doped reduced graphene oxide and monometallic Cu nanoparticles doped reduced 
graphene oxide. The reaction conditions were optimized by changing different parameters such 
as catalyst dose and reducing agent concentration. 
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Chapter 1 
INTRODUCTION 
 
1.1. General Introduction  
Nanoparticles are the recent and most studied topics as they exhibit interesting catalytic 
properties and wide applications in different fields. The nanoparticles are classified as materials 
having size 1-100 nm.
1
 The small size of the nanoparticles results in quantum effects thus leads 
to high surface area to volume ratio and increase in number of surface atoms in comparison to 
core atoms. These properties result in very high catalytic activity.
2
 These nanoparticles can be 
monometallic or bimetallic. Bimetallic nanoparticles are considered superior to monometallic as 
they have a synergistic effect of both the metals used for their synthesis. Due to their diverse 
properties, they are used in widespread field such as catalysis, electrochemistry, magnetism, 
optics, and biomedicine. These applications often highly depend on the structure like shape, size, 
composition, and surface chemistry of the nanoparticles.
3
 
       Gold and copper are two such coinage metals which are extensively used for catalysis 
process. They have superficially similar chemistry yet they show very different behaviour. 
Copper nanoparticles are considered to be very reactive as they oxidize as they come in contact 
with air and water. They are very good catalysts for oxidation of alcohols to aldehydes and 
reduction process. On the other hand, gold catalysts are used only for selective reactions and can 
be used in a broad range of organic transformations. Combining their properties in bimetallic 
nanoparticles has influenced the oxidation and reduction reactions considerably. They are found 
to be active catalysts used in wide range of organic transformation with high selectivity.
4
 
         Because of its two dimensional structure and high surface area, graphene oxide is preferred 
for a support system for nanoparticles. When doped with nanoparticles they show excellent 
catalytic property. Also they exhibit surface functionality due presence of sp
3
 carbon surrounding 
sp
2
 carbon and oxygen containing hydrophilic group.
5
 Here, we have combined the properties of 
Au-Cu bimetallic particles with that of the graphene oxide and have observed tremendous 
catalytic activity for the reduction of nitroaromatic compounds. 
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      The reduction of nitroaromatic compounds are highly required reactions as the amino groups 
are essential in many pharmaceutically important compounds, in agro industry, large compounds 
of dyes. The easy and greener way is to use the metal nanoparticles which show excellent 
catalytic properties. In the literature, a few procedures involving noble metal NPs such as Pd, Pt, 
Ag, Au, as well as Fe, Fe3O4@Ni and Ni@Ag NPs have been demonstrated for the reduction of 
nitro groups.
6,7,8 
But these conventional methods have large limitations like requirement of high 
H2 pressure, organic solvents, high temperature, complicated operational procedure, prolonged 
reaction time, poor selectivity and many side products. In the work, efforts have been carried out 
using bimetallic nanoparticle doped rGO as the potential catalyst with an easy procedure of 
synthesis and tremendous catalytic activity in the reduction of nitroaromatic compounds.
9, 10
 
1.2. Graphene 
Graphene is a single layer of sp
2
-hybridized carbon atoms arranged in a two-dimensional lattice; 
it has attracted much attention in the past few years for its exceptional thermal, mechanical, and 
electrical properties. One of the most promising applications of this material is in the synthesis of 
nanocomposites, where it acts as a support system for nanoparticles. It is regarded as the 
“thinnest material in the universe” with tremendous application potential. Graphene is predicted 
to have remarkable properties such as high thermal conductivity, superior mechanical properties 
and excellent electronic transport properties .
11
  
 
 
Fig.1. A layer of graphene. 
12
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1.3. Graphene Oxide: Structure 
                GO has emerged as a precursor offering the potential of cost-effective, large-scale 
production of graphene-based materials. Graphene oxide is considered as a precursor for 
graphene synthesis. GO is usually prepared by oxidation of graphene followed by dispersion of 
graphene in any polar or non-polar solvent. Various models picture it as a graphene layer with 
various oxygen containing functional group like hydroxyl, ether, carboxylic, keto groups. 
 
 
Fig.2. A layer of graphene oxide.
13
  
 
1.4. Graphene Oxide: Properties and Application 
 GO has various in homogeneities depending on its method of preparation.  In fact, the ideal 
stoichiometry has never been achieved. The presence of these groups has functionalized and 
enhanced the property of graphene oxide but on the other hand it has decreased its electrical 
conductivity. By appropriate tuning of these functionalized groups the properties of graphene 
oxide can be changed as requirement. 
14
  
            Graphene oxide is normally synthesized by hummer’s method. In this method graphite 
and sodium nitrate in sulphuric acid was heated at 66 °C which is then cooled to 0 °C. Potassium 
permanganate is then added to the solution and stirred. Various modifications of these method 
have been developed for enhanced production of graphene oxide.
15
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Fig.3. Oxidation of graphene to graphene oxide and reduction of graphene oxide to graphene. 
                   
         One of the major advantages of graphene oxide is that it can act as a support for 
nanoparticles to synthesize catalyst. The other applications are to provide a tunable platform for 
optical applications. Defunctionalising it leads to formation of graphene which has its own other 
applications. GO can be used as precursors to bulk scale production of an assortment of 
exfoliated CMGs or ‘graphite nanoplatelets’ for use as a filler. 14, 16 
 
1.5. Reduced Graphene Oxide 
 
Removal of oxygen moieties from the graphene oxide layers lead to the formation of reduced 
graphene oxide. Reduction of graphene oxide tunes its properties and can lead to excellent 
catalytic activity which exclusively depends on the number of oxygen moieties. Parameters 
affecting the oxygen functionalization such as heat, moisture, defects or intercalants in reduced 
GO (rGO), tailor the materials optical, electrical, mechanical, and physical properties. 
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Fig.4. Oxidation of graphene to graphene oxide and reduction of graphene oxide to reduced graphene oxide. 
 
1.6.Nanocomposites 
Nanocomposites are materials that incorporate nanosize particles into a matrix of standard 
material. The result of the addition of nanoparticles is a drastic improvement in properties that 
can include mechanical strength, toughness and electrical or thermal conductivity. The 
effectiveness of the nanoparticles is such that the amount of material added is normally only 
between 0.5 and 5% by weight. They have properties that are superior to conventional micro 
scale composites and can be synthesized using simple and inexpensive techniques. Materials are 
needed to meet a wide range of energy efficient applications with light weight, high mechanical 
strength, unique color, electrical properties and high reliability in extreme environments. 
Applications could be as diverse as biological implant materials, electronic packages, and 
automotive or aircraft components. Although some of the properties will be common between 
the applications, others will be quite different. An electronic package polymer composite must be 
electrically insulating, while an aircraft component may need to be electrically conductive to 
dissipate charge from lightning strikes.17 
 
1.7.Reduced-Graphene Oxide Based Nanocomposites 
 
Reduced-Graphene oxide with a varying structure is widely used as a support system. Due its 
functionality it can be easily dispersed in any solvent and has tunable properties. The crinkly 
structure of rGO can support aggregation of a lot of nanoparticles. These nanocomposites have a 
very high surface area and high density which provide excellent catalytic activity. Also, due to 
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the strong interaction between the metallic nanoparticles and rGO, many properties are enhanced 
and they are easily synthesized without any surfactant. 
18, 19
 
1.8. Synthesis of Reduced-Graphene Oxide Based Nanocomposites 
The synthesis of metal nanoparticles doped on graphene oxide usually uses co reduction method. 
The graphene oxide and the metal precursors are simultaneously reduced by a strong reducing 
agent under constant stirring. Due to the vigorous stirring, the metal starts doping on the rGO 
surface. 
20-22
 
 1.9. Approaches for Preparing Nanoparticles 
There are two approaches for preparing nanoparticles: Top-Down and Bottom-Up. Top-Down 
approach deals with breaking down of bulk materials into nano dimensional particles. Bottom-
Up approach deals with constituting of nanoparticles from individual atoms. 
 
 
 
 
 
 
 
 
 
 
Fig.5. Top-Down and Bottom-Up Approach of nanomaterials synthesis.
23
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1.10. Bimetallic Nanoparticles 
The bimetallic nanoparticles are more stable and effective than the individual constituent 
monometallic nanoparticles. This has made the design and synthesis of bimetallic nanoparticles 
considerably popular. The bimetallic nanoparticle exhibit characteristics of both the constituent 
metals and have an enhanced catalytic capacity. Bimetallic catalytic systems can potentially 
achieve chemical transformations that are unprecedented with monometallic catalysts because 
different components of the catalyst have a particular function in the overall reaction mechanism. 
             Since bimetallic nanocrystals are composed of two different metal atoms, the atomic 
distribution can greatly influence the final architectures of nanocrystals, which could have a 
significant impact on their catalytic performance. Although, significant progress has been made 
in the controllable synthesis of nanocrystals with well-defined composition, structure, size, and 
morphology in recent years, more accurate control over nucleation and growth stages is required 
to achieve formation of bimetallic nanocrystals. Bimetallic nanomaterials can emerge with 
various architectures including, core—shell structure and alloyed structure. Different synthetic 
strategies have been developed to prepare bimetallic nanocrystals with well-defined 
architectures.
24
 
 
Fig.6. Types of bimetallic nanoparticles: a) Alloy nanoparticle b) core-shell nanoparticle c) Cluster in cluster 
nanoparticle. 
 
1.11. Methods of Synthesis of Bimetallic Nanoparticles 
The basic type of method of synthesis of bimetallic nanoparticles are:1)Co-reduction method and 
2) Sequential reduction method. 
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1.11.1. Co-reduction Method 
Co-reduction method is the simplest method for synthesis of bimetallic nanoparticles. The metal 
precursors are simultaneously reduced by a strong reducing agent to produce alloy nanoparticles. 
It is similar to the monometallic nanoparticle synthesis but differs only in the number of metal 
precursors. 
 
Scheme.1. Schematic Representation of Co-reduction method. 
In above schematics it can be found that the two metal precursors A and B are added in the same 
solution then a strong reducing agent is added to reduce them simultaneously into bimetallic 
alloy nanoparticles. 
 
1.11.2. Sequential Reduction Method 
This method is used for the synthesis of core-shell particles. Usually the two metals used for 
making the nanoparticles have different reducing capacity for different solvents. So one of them 
is first reduced then the second metal forms a layer over the first one ,i.e., they are added in the 
system one after another with reducing agent already present in the system.[11] 
 
 
 
 
 
Scheme.2. Schematic Representation of the Sequential reduction method 
As shown in the above scheme the metal precursor A is first reduced with a strong reducing 
agent, then a mild reducing agent reduces the second metal precursor over the first formed A 
metal nanoparticle to give a core-shell bimetallic nanoparticle. 
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1.12. General Characterization Techniques Used for Nanoparticles 
The general characterization techniques generally used for the synthesized materials are as 
described below: 
 
Techniques Characteristics Identified 
Transmission electron microscopy(TEM) Core Size, Morphology, Atomic coordinates 
Energy Dispersive X-Ray Spectroscopy 
(EDXS) 
Elemental Distribution 
X-Ray Diffraction(XRD) Crystal structure, Particle size 
X-Ray photoelectron spectroscopy (XPS) Oxidation state, Electronic Interaction 
Scanning Electron Microscope(SEM) Topological information of the sample 
Field Emission Scanning Electron 
Microscopy(FESEM) 
Atom size and other topological information of 
the sample 
Ultraviolet(UV)-Visible spectroscopy  
 
Plasmon bands, presence of aggregates  
 
Infrared (IR) Spectroscopy  
 
Surface structure  
 
 
1.13. Reduction of Nitro Group 
The reduction of nitro group to amino group is a vital process for pharmaceutical, agro, polymers 
and dyes industry. One example can be taken as the reduction of p-nitrophenol to p-amino 
phenol which is an analgesic. Also, in dyes industries, the reduction of nitro group in very 
complicated molecules is required in higher amount with good selectivity. A catalyst with a poor 
selectivity is not appropriate. For large scale production of amine group we need a fast catalyst 
which can catalyze this reaction. 
10, 25-27
 The process should be green in all aspects without the 
use of large amount of organic solvents. The selective reduction of nitro group requires 
stoichiometric amount of reducing agent. Many processes have been cited in literature for this 
reaction but there is a production of side products like hydroxylamine and hydrazine.
9
 The main 
limitations of earlier reported work were the necessity of high H2 pressures, prolonged reaction 
times, lower turnover numbers, organic solvents and high temperatures. Due to these limitations, 
the good productivity and selectivity were not found. Also, the process becomes cumbersome 
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and unsafe to be handled. A huge amount of H2 requirement and high temperature makes the 
process accident prone.  
 
R
NO2
H
N
R
HReducing Agent
Catalyst
 
Scheme.3. A general scheme for reduction of nitroarene to aminoarene. 
          Further, the selection of metal and its support, the hydrogen source and operational 
simplicity, which are the important parameters for effective conversions, are restricted. Also 
when these processes are metal catalyzed, they are required in large amounts and so the 
conventional methods are not cost effective. However, an alternative procedure which is 
efficient, simple, chemo selective, green and cost-effective would be highly beneficial. A process 
with higher efficiency and good selectivity can make it industrial. 
28, 29
 
 
1.14. Objective  
 
The high catalytic activity of Au and Cu nanoparticles has been reported in literature. 
30-32
 Also 
the catalysis process carried on graphene oxide is also reported. The objective of this work is to 
produce alloy bimetallic Au-Cu nanoparticles supported on graphene oxide layers to combine 
their properties and observe their catalytic activity to reduce various nitroarene to amino arenes 
at room temperature with the help of reducing agent like sodium borohydride. The main 
objectives are enlisted as follows: 
 To synthesize monometallic and bimetallic Au-Cu nanoparticles supported on reduced 
graphene oxide using co-reduction method. 
 To characterize the synthesized catalysts using different characterization techniques such 
as UV-Vis, XRD, TEM/SAED, FESEM, and EDX. 
 To observe it’s catalytic activity for reduction of various nitroaromatic compounds such 
as p-nitroaniline, p-nitro phenol, o-nitrobenzoic acid, p-nitro benzoic acid and m-
nitrobenzoic acid. 
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 To compare its catalytic activity with different catalysts i.e.  Au/rGO nanocomposites and 
Cu/rGO nanocomposites. 
 To investigate the catalytic activity by varying the concentration of the reducing agent 
like sodium borohydride.  
 To evaluate the catalytic activity by varying the amount of the catalyst. 
 
1.15. Importance of Our Work 
  In the present work we tried to synthesis graphene oxide supported gold-copper bimetallic 
nanoparticles. Gold has been investigated as very good reducing catalyst in organic reactions. 
The catalytic activity varies with the size of the nanoparticles. At extremely small size, the 
quantum effect predominates and the surface atoms are very high in number which is the prime 
reason for high catalytic activity.  It works at considerably low temperatures but requires 
nitrogen atmosphere and a suitable surfactant for its stability. 
30, 32
 Similarly copper, has a high 
reducing capacity but again it is oxidized in air and not easily handled. Still it is extensively used 
for the formation of carbon-carbon and carbon-heteroatom bonds. 
31
 So, these two metals were 
allowed to form bimetallic nanoparticles to incorporate beneficial properties of both the metals. 
They are supported on graphene oxide layers to provide large surface area and stability. 
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Chapter 2 
EXPERIMENTAL 
2.1. Materials 
Copper nitrate trihydrate extrapure (M.W-241.60 g/mol) and 99.9% pure Chloroauric Acid 
trihydrate (M.W.-393.83 g/mol) were bought from Himedia and Sigma Aldrich respectively. 
Sodium Borohydride granules with 10-40 mesh (M.W.-37.83 g/mol), p-nitrophenol (M.W.-
139.11 g/mol), o-nitrobenzoic acid (M.W.-167.12 g/mol), p-nitrobenzoic acid (M.W.-167.12 
g/mol), m-nitrobenzoic acid (M.W.-167.12 g/mol), p-nitroaniline (M.W.-138.12 g/mol)were 
bought from Sigma Aldrich. Graphite powder, CDCl3 and SnCl4.5H2O were purchased from 
Sigma-Aldrich.  H2O2 (30%), isopropanol, ethanol, NaNO3, H2SO4 (98%), HCl, KMnO4, and 
silica gel (100–200 mesh) were purchased from Hi-Media. All chemicals were used as received 
without further purification. 18 MU cm Milli-Q water was used throughout the synthesis. 
 
2.2. Synthesis 
 
2.2.1. Synthesis of graphene oxide (GO) 
GO was prepared from natural graphite powder through modified Hummer's method. 
33-35
 In a 
typical synthesis, 1 g of graphite was added to 25 ml to conc. H2SO4 (98% w/w), followed by 
stirring at room temperature for 24 h. After that 100 mg of NaNO3 was added to the mixture and 
stirred for 30 min. Subsequently, the mixture was kept below 5 °C using an ice bath, and 3 g of 
KMnO4 was slowly added to the mixture and the mixture was stirred for 2 h under ice-water 
bath. About 250 ml distilled water and 20 ml H2O2 (30%) was added to dilute the solution at 
room temperature. The suspending solution was allowed to precipitate for 12 h and later on, the 
upper supernatant was collected and centrifuged. Successively, the GO powders were washed 
with 10% HCl and distilled water three times. The obtained GO was dispersed in distilled water 
to get a stable brown solution. 
2.2.2. Synthesis of Cu doped Graphene Oxide: 
100 mg of graphene oxide was added to 80 ml of water in a round bottom flask and sonicated for 
1 hour. To the mixture 10 ml of 0.056 mmol Cu (NO3)2 was added and it was heated at 180 °C 
for 1 hour under constant stirring and N2 atmosphere. Meanwhile a solution of 0.56 mmol 
NaBH4 in 10 ml was made and added to the reaction mixture dropwise. 
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2.2.3. Synthesis of Au doped Graphene Oxide 
100 mg of graphene oxide was added to 80 ml of water in a round bottom flask and sonicated for 
1 hour. 10 ml of 0.056 mmol of HAuCl4 was added to the mixture and it was heated at 180 °C 
for 1 hour under constant stirring and N2 atmosphere. In the meantime a solution of 0.56 mmol 
NaBH4 in 10 ml was made and added dropwise under vigorous stirring.
36
 
2.2.4. Synthesis of Au-Cu/r-Graphene oxide 
100 mg of graphene oxide was added to 80 ml of water in a round bottom flask and sonicated for 
1 hour. To the mixture 0.028 mmol Cu (NO3)2 and 0.0280mmol of HAuCl4 was added and it was 
heated at 180 °C for 1 hour under constant stirring and N2 atmosphere. Meanwhile a solution of 
0.56 mol of NaBH4 in 10 ml was made and added to the mixture drop wise. Then the mixture 
was quickly heated to 180 °C for an hour and it was cooled to 120°C.Then it was vigorously 
stirred and was heated to 160 °C under N2 atmosphere .
36, 37
 
 
2.3. Reduction of Nitroaromatic compounds 
The catalytic reduction of p-nitro aniline and other nitroaromatic compounds were studied. To 
study the effect of the dosage of catalyst, the amount of catalyst was varied in the range of 0.5-
3.0 mg/ml. The initial concentration of p-nitro aniline was taken as 0.01 M and the concentration 
of NaBH4 was 0.05 M. 2 ml of nitroaniline compound was added to 1 ml of 0.05 M NaBH4. After 
adding catalyst, the p- nitro aniline was converted to p-phenyl diamine. The initial absorbance 
was taken using the UV-Vis spectrometer. The effect of concentration of NaBH4 was studied 
between the range of 0.03 M-0.07 M, keeping the initial concentration of nitro aromatic 
compound as 0.01 M and catalyst dose of 2 mg.  
2.4. Characterizations 
The nanoparticles synthesized in the above sections were characterized by UV-Visible 
spectroscopy (UV-Vis), X-Ray diffraction (XRD), Scanning Electron Microscopy (SEM), Field 
Emission Scanning Electron Microscopy (FESEM) and Transmission Electron Microscopy 
(TEM): 
UV-Vis Spectroscopy 
UV-Vis Spectra of the catalysts were recorded by Shimadzu spectrophotometer (UV-2450) in the 
range of 200-900 nm. The catalytic activity of the prepared catalysts was also measured using 
UV-Vis spectroscopy. 
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X-ray Diffraction 
The X-ray diffraction patterns of the Au-Cu/graphene oxide, Au doped graphene oxide, Cu 
doped graphene oxide and Au-Cu bimetallic nanoparticles were recorded on a Phillips PAN 
analytical diffractometer using Ni-filtered CuKα1 radiation. The XRD measurements were carried 
out 20-80 degree for both the samples, respectively with a scan speed of 5 degrees per minute. 
Scanning Electron Microscopy 
Scanning electron microscopy was taken using JEOL JSM-6480 LV microscope (acceleration 
voltage 15 kV). The sample powders were deposited on a carbon tape before mounting on a 
sample holder for SEM analysis. EDX analysis shows the presence of Au-Cu nanoparticles on 
graphene oxide framework. 
Field Emission Scanning Electron Microscopy 
Field emission SEM was taken by Nova Nano SEM/FI microscope with ultra-stable, high current 
Schottky gun having a beam landing energy down to 50 V and resolution: 1.4 nm @ 1 kV without 
beam deceleration for all the catalysts.  
Transmission Electron Microscopy 
TEM measurement was taken to confirm the presence of bimetallic nanoparticle (Au-Cu) on the 
surface of reduced graphene oxide. TEM was taken using Philips, Holland CM-12. 
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Chapter 3 
Results and Discussion 
Au, Cu and Au-Cu bimetallic nanoparticles doped reduced graphene (rGO) were synthesized by 
direct reaction between graphene oxide and the metal precursor, and simultaneously reduced 
using sodium borohydride. In order to investigate the transformation of graphene after doping 
Au-Cu bimetallic NPs the samples were characterized using various techniques which are 
explained below. 
3.1. UV-Vis Study 
UV-Vis study is an important technique to characterize the structural changes of graphene after 
doping. Fig.7. depicts the UV-Vis spectra of graphene oxide, monometallic Au, Cu doped rGO 
and bimetallic Au-Cu doped rGO. For GO, two characteristic absorption peaks are observed in 
UV-Vis spectra, a maximum at 230 nm which can be attributed due to 𝜋→𝜋∗ transition of 
aromatic C-C bond and a shoulder at 303 nm, from n→𝜋∗ transition of C=O bond.38 
 
 
 
 
 
 
 
 
 
 
Fig.7. UV-Vis spectra of synthesiszed catalysts. 
 
 
16 
 
 The original electronic conjugation is restored during reduction of GO to rGO by sodium 
borohydride and a characteristic absorption peak of rGO has been observed at around 270 nm, 
whereas the shoulder at 303 nm disappears. The incorporation of monometallic and bimetallic 
Au, Cu nanoparticles can be confirmed as follows. The Au/rGO presents a single and strong 
absorption peak at around 525 nm is due to the surface plasmon resonance of gold nanoparticles, 
while Cu-rGO shows an absorption peak at around 582 nm.  For Au-Cu/ rGO, the surface 
plasmon band can be observed in between Au/ rGO and Cu/ rGO. The maximum absorption 
peak of rGO suspension is at 270 after doping the peak red shifted this shows that the rGO was 
also reduced and the electronic conjugation within the graphene nanosheets are restored during 
the doping process. 
3.2. XRD Study 
X-ray diffraction pattern of GO, Au/rGO, Cu/ rGO and Au-Cu/ rGO are presented in Fig. 8. The 
XRD pattern of GO shows a sharp peak at around 2Ɵ= 10.5 corresponds to (001) of GO. 39  
Further the XRD pattern of GO gives broad peak at 2Ɵ= 25.05 which corresponds to (002) 
reflection of reduced graphene oxide. The broad peak demonstrates that there is decrease in 
crystallinity on reducing graphene oxide to reduced graphene oxide.  
 
 
 
 
 
 
 
 
Fig.8. XRD pattern of different catalysts. 
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On the other hand, Au/rGO shows a diffraction peak at 2Ɵ= 38.3, 44.1, 64.11 and 74.5 which 
can be indexed as (111), (200), (220) and (311) (JCPDS card no. 02-1094) due to Au 
nanoparticles Similarly, Cu/rGO presents the diffraction peak at 2Ɵ=36.06, 47.54 and 73.9 
which can be further indexed as (111),(200), and (220), which is due to the presence of metallic 
Cu nanoparticles as well as a broad peak due to rGO. The diffraction peaks of bimetallic Au-
Cu/rGO are positioned in between Au/rGO and Cu/rGO. The diffraction peaks of Au-Cu/rGO 
are positioned at 2Ɵ=38.17, 44.14, 45.8, 64.3, 75.2 and 77.7, which corresponds to Cu (111), 
Au(111), Au (200), Cu (200), Au (220), Cu (220), Au (311). The presence of low intensity broad 
spectra at 2Ɵ is due to the presence of rGO.  The peaks are due to metal nanocrystals are broad, 
indicating nanocrystalline size and strain due to incorporation within graphene nanosheets. The 
position of (002) peak of graphene does not change for different metal hybrids.
39
 Moreover, as 
compared to Au/rGO, and Cu/rGO the Au–Cu/rGO sample shows broader XRD peaks, 
suggesting that the Au–Cu alloy has a smaller particle size than the monometallic counterparts. 
The particle size of bimetallic Au-Cu NPs was estimated by Scherrer’s equation: 
D=Kλ/B CosƟ 
Where, D is the average diameter in nm, K is the Scherrer constant (0.89), λ is the X-ray 
wavelength (λ=0.15418 nm), B is the corresponding full width at half maximum (FWHM) of the 
diffraction peak, and Ɵ is the Bragg diffraction angle. The particle size was calculated from 
(111) crystal plane and the particle size was found around 7 nm for bimetallic Au-Cu NPs which 
is very close to the TEM result as discussed later. The broadness of the peak is the indication of 
the presence of graphene nanosheets with varying d-spacing values. 
3.3. FESEM Study  
The detailed structural and morphological characterization of GO and Au-Cu/rGO was carried 
out using FESEM. Fig. 9.shows the FESEM image of reduced graphene oxide which reveals the 
crumbled and scrolled morphology of graphene sheets. The layers of graphene sheets are clearly 
visible in Fig. 9. 
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Fig. 9. FESEM image of (a) rGO, (b) Au-Cu bimetallic nanoparticle doped reduced GO and (c) EDX spectra of 
Au-Cu/rGO 
 
At the other hand FESEM image of Au-Cu/rGO is shown in Fig. 9, shows the presence of small 
nanoparticle on the surface of graphene sheet. The nanoparticles were homogeneously 
distributed on the surface of reduced graphene oxide. EDX spectra show the presence both the 
metal nanoparticle on reduced graphene oxide frees from other impurities.  
3.4. TEM/SAED Study 
The detailed morphology and structure of graphene and Au-Cu nanoparticles doped reduced 
grapheme oxide have been characterized thoroughly by TEM imaging. It is to be noted that TEM 
samples were prepared by dropping the sonicated dispersion of sample in ultrapure methanol 
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onto 600 mesh copper grids coated with lacy carbon and dried at room temperature for 3 hours. 
Fig. 10 displays TEM images of as-prepared Au-Cu/rGO nanocomposites.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. TEM image of  Au-Cu/rGO catalyst. 
Fig. 10 (a). reveals that the nanoparticle are uniformly distributed on the rGO surface, and a 
continuous sonication for 2 min before TEM characterization does not remove any NPs from the 
graphene surface (no NPs were present on the TEM carbon film), which confirms  a strong 
interaction between NPs and rGO. The average diameters of the bimetallic Au-Cu nanoparticles 
were found to be 6.5± 0.5 nm.   
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3.5. Catalytic Activity 
3.5.1. Catalytic Reduction of p-Nitroaniline and Other Nitro Aromatic Compounds 
3.5.1.1. Catalytic Activity of Monometallic and Bimetallic NPs doped rGO 
As synthesized monometallic Au, Cu and Au-Cu/G has been used as a catalyst for reduction of 
nitroaromatic compounds using sodium borohydride as reducing agent and water as a solvent as 
shown in scheme 4.  
NO2 NH2
various catalysts , NaBH4
water, room temp.
COOH COOH  
Scheme.4. Model reaction for reduction of MNBA to MABA using various catalysts. 
 
Initially, reduction of m-nitrobenzoic acid (MNBA) was investigated using monometallic 
reduced graphene oxide (rGO), Au, Cu and bimetallic Au-Cu in rGO as catalyst. Among all, Au-
Cu/rGO was found to be the most efficient catalyst for the reduction of m-nitrobenzoic acid. The 
initial reduction process of p-nitroaniline to p-phenyldiamine was demonstrated under various 
conditions. The conversion was monitored using UV-Vis spectroscopy where the reactant and 
product displays different absorption peaks at 286 nm and 241 nm, respectively as shown in Fig 
12. The changes in the UV–vis absorption spectrum of MNBA during the reaction time are 
shown in Fig. 12. The peak intensity of MNBA at about 286 nm rapidly decreased and the peak 
disappeared in 10 min.  
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Fig.11. Absorption spectra of MNBA to MABA using Au-Cu/rGO catalyst 
This depicts that the reduction of MNBA was complete in 10 min. For comparison, the reactions 
of MNBA, with Au/rGO and Cu/rGO were also investigated under the same condition as shown 
in Fig. 13. which depicts that as compared to Au/rGO and Cu/rGO, Au-Cu/rGO, shows better 
catalytic activity for reduction of MNBA.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig.12. Plots for reduction of MNBA using Cu-rGO, Au-rGO and Au-Cu/rGO 
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3.5.1.2. Effect of Catalyst Dose  
The influence of catalyst was studied by keeping the concentration of NaBH4 as 0.05 M. The 
model reaction of reduction p-nitroaniline (PNA) to p-phenyl diamine (PPDA) scheme 5. was 
taken in consideration to study the effect of various catalyst doses in the reaction. 
 
NO2
NH2
NH2
NH2
Au-Cu/G, NaBH4
water, room temp.
p-nitroaniline p-phenyldiamine  
Scheme 5. Model reaction involving reduction of PNA to PPDA 
The effect of the dosage of catalyst was investigated varying the amount from 0.5 mg to 3 mg. 
The rates of the catalytic reduction of nitroaniline compounds increased by increasing catalyst 
dosage. The rates of the catalytic reduction were constant after dosage of 2 mg on further 
increasing the catalyst dose very minimal change was found as shown in Fig. 14. Therefore, 2 
mg of catalyst was taken as optimum catalyst dose and was used in further experimental study. 
 
 
 
 
 
 
 
 
 
 
 
Fig.13. Reduction of PNA to PPDA with change in catalyst dose. 
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3.5.1.3. Effect of NaBH4 Concentration 
The influence of NaBH4 concentration was also studied by considering the model reaction as 
given earlier in scheme 2. 
Fig.14. Reduction of PNA to PPDA with change in NaBH4 concentration  
The effect of the concentration of NaBH4 on the catalytic reduction was also investigated 
keeping the catalyst amount of 2 mg. The rates of the catalytic reaction of nitroaniline 
compounds significantly increased until NaBH4 concentration was 0.05 M. After this 
concentration, the rates of the catalytic reaction were constant. Therefore, we used 0.05 M 
NaBH4 in all experiments. Fig.15. shows the reduction rate of nitroaniline compound using 
various concentration of sodium borohydride. As it can be observed from the Fig. 15.  that on 
taking 0.03 M of reducing agent no reduction is happening 
. 
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.  
3.5.2. Mechanism 
In this study, a six electron transfer process takes places between nitroaniline compounds and the 
reducing agent NaBH4. Basically in this heterogeneous catalysis, reaction occurs in four different 
steps as follows: Firstly, the adsorption of the nitroaniline compounds to the nanocatalysts, 
secondly, diffusion of the nitroaniline compounds on the active site, thirdly,  reaction of the 
nitroaniline compounds to form the adsorbed product, and finally, desorption of the nitroaniline 
compounds from the surface. The slowest step determines the rate of the reaction. 
40
 In this 
present study, the sequential electron transfer between nitro compound and NaBH4 plays the 
major role on the critical rate-limiting step under the current experimental conditions. Saha et al. 
observed that the reduction of 4-NA was catalyzed by calcium alginate-stabilized Ag and Au 
nanoparticles via zero-order kinetic model.
41
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15. Schematic representation of reduction of p-nitroamine to p-phenyldiamine 
Fig.16. shows the schematic mechanism of reduction of p-nitroaniline to p-phenyl diamine. 
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3.6.3. Reduction of Other Nitroaromatic Compounds  
While the absorbance value of PNA decreases, the absorbance value of PPDM increases in the 
catalytic reduction process as discussed previously. To ensure if such an enhancement toward 
reduction of nitro organics is general, we had further investigated the photo catalytic 
performance of Au-Cu/rGO towards selective reduction of nitro aromatic groups 
  
 
Fig.16. Plot showing the reduction of (a) p-nitroaniline, (b) p-nitrophenol, (c) m-nitrobenzoic acid, (d) o-
nitrobenzoic acid and (e) p-nitrobenzoic acid 
 
having various substituent group such as p-nitro aniline, p-nitrophenol, p-nitrobenzoic acid, o-
nitrobenzoic acid and m-nitrobenzoic acid. As clearly reflected from the Fig. 17 (a-e), the plots 
shows the reduction rate of various nitroaromatic compounds after adding sodium borohydride, 
catalyst and then at regular interval of time. It can be found that the reduction of nitroaniline and 
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nitrophenol took much lower time to get reduced to p-nitro aniline and p-aminophenol as 
compared to other nitroaromatic compounds. Since the reduction efficiency is intimately related 
with the fate and transfer of electron from nitro group to NaBH4, the highly enhanced 
performance, as observed for photoreduction of aromatic nitro organics, could be attributed to 
the fact that the addition of Au-Cu bimetallic NPS into the matrix of rGO would remarkably 
synergistically improve the reduction process of nitroaromatic compounds. 
4. Conclusions 
Monometallic Au, Cu and bimetallic Au-Cu nanoparticle doped reduced graphene oxide were 
successfully synthesized using co-reduction method. The UV-Vis study shows the surface e 
plasmon band for Au and Cu nanoparticles. The XRD Study revealed that the peaks obtained for 
Au-Cu/rGO are intermediate to the peaks obtained for Au/rGO and Cu/rGO. The FESEM of Au-
Cu/rGO confirms the crumbled stacked structure of GO and uniform distribution of bimetallic 
nanoparticles. The TEM analysis of Au-Cu/rGO confirmed the uniform distribution of bimetallic 
nanoparticles over reduced graphene oxide sheets with strong interaction between them. The 
SAED study confirms the crystallinity of the nanocomposites. Later on the reduction of various 
nitro group compounds were studied using monometallic, bimetallic and the above three types of 
nanocomposites. It was found that Au-Cu/rGO is the most efficient catalyst above all of the other 
catalysts. Also, from the comparative study of the catalyst and reducing agent concentration 
showed that the optimum amount of catalyst was found to be 2 mg and the optimum amount of 
reducing agent is 0.05 M. Thus, Au –Cu/rGO under optimum concentration of catalyst and 
reducing agent was found to be a very effective catalyst for the reduction of nitro group 
compounds. 
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Chapter 5 
Future Work 
Monometallic Au, Cu and bimetallic Au-Cu supported reduced graphene oxide has been 
synthesized so far. The characterization was done using UV-Vis, XRD, FESEM, TEM/SAED, 
EDS mapping /EDX. The catalytic activity of the catalyst was studied towards the reduction of 
nitroaromatic compounds. Influences of different parameter such as effect of catalyst dose and 
concentration of reducing agent have been studied. 
Further studies in the group will be the characterization of Au-Cu/rGO catalyst using other 
sophisticated instrument such as XPS and Raman. XPS study will be useful to know the 
electronic interaction between nanoparticles and graphene oxide. EDS line scan will be done to 
confirm the composition of bimetallic nanoparticles. Further we will investigate the influence of 
temperature on reduction of nitroaromatic compounds. In addition to this catalytic reduction of 
other nitroaromatic compounds and their kinetic studies will be done in future. All these studies 
are going on in our lab and one manuscript will be submitted to a chemistry journal soon. 
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